Microscopic devices that can perform sensing, actuation, and control, known as microelectromechanical systems (MEMS), are projected to lead to new technologies with profound impacts in science and engineering. However, there are several limitations that must be overcome before MEMS could be fully utilized in various applications. In particular, because of the low stiffness and large surface-to-volume ratio of MEMS, high adhesion and friction forces between proximity and contacting surfaces limit the device efficiency and often lead to premature failure. Basic study of adhesion and friction under MEMS conditions requires special microdevices fabricated by surface micromachining. The basic features of such MEMS devices are presented herein together with suitable surface modification techniques for reducing surface adhesion and friction, such as surface texturing and deposition of low surface energy solid films and self-assembled monolayers.
INTRODUCTION
The development of MEMS devices with increased sensitivity (i.e., low stiffness) is obscured by high attractive (adhesion) forces arising at interfaces, often resulting in premature failure. Because of the small scales involved, these adhesion forces are more important than bulk forces. Figure 1 shows an order of magnitude comparison between different attractive forces arising between ideally smooth oxidized silicon surfaces in the presence of adsorbed water layer and 1 V potential difference and typical micromachine restoring forces [1, 2] . Fig. 1 . Adhesion forces between ideally smooth and oxidized silicon surfaces versus surface separation distance [1, 2] .
It is clear that seizure of a MEMS device may occur at small separation distances where adhesion forces exceed the restoring force. Therefore, basic understanding of the effects of physical parameters controlling the magnitudes of these adhesion forces is of paramount importance in MEMS reliability. This can be achieved through testing performed with special microdevices that can simulate contact conditions typical of those at MEMS interfaces. The basic characteristics and testing procedure of this type of microdevices are presented in conjunction with effective surface modification techniques for reducing the magnitudes of adhesion forces at MEMS interfaces.
CHARACTERISTICS OF TEST MICRODEVICE
Microdevices suitable for adhesion and friction testing under typical MEMS conditions exhibit the following main features: (a) main body (shuttle) with protrusions (dimples) at the bottom surface; (b) electrically shorted test surface to ensure zero potential across the dimple/substrate couple; (c) folded-beam truss suspension that flexes as the shuttle is displaced vertically or laterally to produce a linear restoring force; (d) clamping electrodes underneath the shuttle; and (e) electrostatic comb drives to actuate the microdevice. Figure 2 shows a scanning electron micrograph (SEM) of a typical microdevice for adhesion and static/dynamic friction studies. The attractive force generated by applying a voltage between the shuttle and the clamping electrodes pulls down the shuttle, resulting in contact of the dimple(s) with the underlying test surface. Increasing the voltage beyond what is needed to establish contact produces a net normal force N given by [3] 
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where α z (~1) is a correction factor obtained from electrostatic simulations, ε ο is the electrical permittivity in vacuum and air, A clamp is the clamping electrode/shuttle overlap area, V z is the voltage applied between the clamping electrodes and the shuttle, z d is the etched dimple depth, k z is the suspension vertical spring constant, and t PSG is the thickness of the phosphosilicate (PSG) sacrificial layer.
When a voltage v comb is applied between the movable comb drive attached to the shuttle and the stationary comb drive, an electrostatic force F c is produced that tends to displace the shuttle in the lateral direction. For a single-sided comb drive [4] The microdevice can be set in oscillatory lateral motion by applying a time varying voltage v comb to one of the comb drives while the dimple is in contact with the substrate surface. Then, the equation of motion of the actuated shuttle is
where M is the effective mass and f k is the dynamic friction coefficient. The amplitude and phase shift of the lateral displacement relative to F c (t) can be expressed as functions of f k (with and without viscous damping present). In vacuum, the magnitude of the transfer function is given by
where ω is the (driving) frequency of the comb electrostatic force, ω ο is the resonant frequency of the structure in vacuum, and F c is the amplitude of the applied electrostatic force. The magnitude of f k is determined from the plot of H(ω) versus ω. A similar equation, although more complicated than Eq. (4), can be obtained if damping is included. The lateral movement is determined from Eq. (2) and the measured capacitance change.
SURFACE MODIFICATION METHODS
Surface texturing and deposition of thin, hydrophobic films are the most common methods for reducing surface adhesion and friction. In view of Fig. 1 , surface roughening is essential for preventing intimate surface contact. Surface texturing reduces the real contact area and, in turn, the magnitudes of the surface adhesion forces. A six fold reduction in the critical stiffness of polysilicon microcantilevers resulting in stiction was obtained by roughening the substrate surface using plasma etching [5] .
Conventional lubrication approaches cannot be used in MEMS because of the excessive viscous forces. Therefore, deposition of hydrophobic thin solid coatings, e.g., fluorocarbon and diamond-like coatings, and low surface energy, self-assembled monolayer (SAM) films, e.g., n-octadecyltrichlorosilane (OTS), n-C 18 H 37 SiCl 3 , are effective lubricant layers for MEMS [1, 2] . Figure 3a shows a schematic of the OTS molecule, and Fig. 3b depicts the ordering of the OTS monolayer on oxidized silicon. A reduction of the adhesion force between a Si tip and a polysilicon surface by a factor of ~6 was obtained by coating the Si tip with OTS [1] . This effect is attributed to the low surface energy (high water contact angle) of OTS [6] . A similar decrease in surface adhesion has been observed with other trichlorosilane (RSiCl 3 ) SAM films as well as various chemical treatments producing hydrophobic surfaces [7] . These results indicate that surface texturing and deposition of hydrophobic films are effective means for reducing interface attractive forces responsible for high adhesion and friction in MEMS.
CONCLUSIONS
Understanding of adhesion and friction at MEMS scales is sparse and only empirical, presumably due to difficulties to measure small forces and displacements and to control the real contact area at the interfaces. Surface probe microscopy methods fail to simulate actual contact conditions, while the contact area changes as a result of wear of the probe tip. Traditional lubrication techniques are ineffective because of the very small forces available to overcome viscous forces. Test microdevices that can simulate contact conditions typical of MEMS can be used to circumvent such limitations. Surface roughening (texturing) and deposition of hydrophobic (solid or liquid) thin films are effective means of reducing adhesion and friction at MEMS interfaces. More basic tribological studies are essential to achieve efficiency, long-term reliability, and longevity of MEMS devices.
